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Mutations in UL24 of herpes simplex virus type 1 can lead to a syncytial phenotype. We hypothesized
that UL24 affects the sub-cellular distribution of viral glycoproteins involved in fusion. In non-
immortalized human foreskin ﬁbroblasts (HFFs) we detected viral glycoproteins B (gB), gD, gH and gL
present in extended blotches throughout the cytoplasm with limited nuclear membrane staining;
however, in HFFs infected with a UL24-deﬁcient virus (UL24X), staining for the viral glycoproteins
appeared as long, thin streaks running across the cell. Interestingly, there was a decrease in co-localized
staining of gB and gD with F-actin at late times in UL24X-infected HFFs. Treatment with chemical agents
that perturbed the actin cytoskeleton hindered the formation of UL24X-induced syncytia in these cells.
These data support a model whereby the UL24 syncytial phenotype results from a mislocalization of viral
glycoproteins late in infection.
& 2013 Elsevier Inc. All rights reserved.Introduction
Herpes simplex virus 1 (HSV-1) is a member of the Alphaher-
pesvirinae subfamily of Herpesviridae. The HSV-1 envelope con-
tains several virally encoded glycoproteins that are involved in
viral entry and egress (Roizman et al., 2007). Entry of HSV-1 into a
host cell is a multistep process; HSV-1 can enter cells by direct
fusion with the plasma membrane at neutral pH, and can also
enter by endocytosis in either a pH-dependent or a pH-
independent manner depending on the cell type (Fuller and Lee,
1992; Milne et al., 2005; Nicola et al., 2003). Virions initially bind
to glycosaminoglycans of cell surface proteoglycans through gly-
coproteins B and C (gB and gC), facilitating the interaction of gD
with one of its speciﬁc receptors, herpesvirus entry mediator
(HVEM or Hve A), nectin 1(HveC), or 3-O-sulfated heparin sulphate
present at the cellular membrane. Several additional receptors for
gB have been identiﬁed including non-muscle myosin IIA (reviewed
in (Connolly et al., 2011; Heldwein and Krummenacher, 2008)).
Fusion of the viral envelope with the plasma membrane is mediated
by the concerted action of gB, gD and the heterodimer gH/gL
(Cai et al., 1988; Forrester et al., 1992; Ligas and Johnson, 1988;
Roop et al., 1993; Turner et al., 1998). When expressed ectopically
in a cell, these four glycoproteins are sufﬁcient to induce the
formation of syncytia (Turner et al., 1998).ll rights reserved.
rson).Following viral transcription, DNA replication and capsid
assembly in the nucleus, the virus acquires its ﬁnal envelope
through a series of budding and fusion events. In the most widely
accepted model, the capsid buds into the inner nuclear membrane
leading to an enveloped virion between the inner and outer
nuclear membranes. The primary envelope is lost upon fusion of
this envelope with the outer nuclear membrane leading to release
of the capsid into the cytoplasm (reviewed in Mettenleiter et al.
(2006)). Following synthesis in the endoplasmic reticulum (ER),
viral envelope glycoproteins such as gB and gD travel through the
Golgi and trans-Golgi network (TGN). In an in vitro nuclear egress
assay, accumulation of viral glycoproteins in the TGN occurred
independently of capsid egress (Turcotte et al., 2005). In many cell
lines, HSV-1 infection causes Golgi fragmentation and redistribu-
tion of TGN membranes to form multiple cytoplasmic compart-
ments, possibly to optimize secondary envelopment (Avitabile
et al., 1995; Sugimoto et al., 2008; Turcotte et al., 2005). The ﬁnal
envelope is obtained by the capsid budding into a glycoprotein-
enriched vacuole derived from TGN membranes and possibly
endosomes (Harley et al., 2001; Turcotte et al., 2005). Mature
virions are released through fusion of the vesicle membrane with
the plasma membrane of the cell. Thus, the latter stages of virion
morphogenesis involve two fusion steps (reviewed in Johnson and
Baines (2011)).
The viral gene UL24 is conserved throughout the Herpesviridae
(Davison, 2002). UL24 of HSV-1 encodes a highly basic protein of
269 amino acids that is expressed with leaky-late kinetics
(Pearson and Coen, 2002), and has been shown to be important
for high viral titers, especially in the trigeminal ganglia of infected
N. Ben Abdeljelil et al. / Virology 444 (2013) 263–273264mice (Jacobson et al., 1989, 1998). UL24 localizes partially to the
nucleus, where it plays a role in nucleolar modiﬁcations and
affects the nuclear egress of viral capsids. UL24 has also been
detected in the cytoplasm of infected cells where it exhibits
perinuclear localization at late times in infection (Lymberopoulos
et al., 2011; Lymberopoulos and Pearson, 2007; Pearson and Coen,
2002). In the context of transient transfection experiments, UL24
accumulates in the nucleus and in the Golgi apparatus, especially
within the TGN (Bertrand and Pearson, 2008). UL24 is one of four
HSV-1 genes, along with gB, gK, and UL20, in which mutations
have been identiﬁed that confer a syncytial plaque phenotype
(Baines et al., 1991; Bzik et al., 1984; Ruyechan et al., 1979; Tognon
et al., 1991). The UL24-associated syncytial phenotype can be
detected at 37 1C but is more evident at 39 1C. gK and UL20 affect
nuclear egress and cytoplasmic envelopment of newly formed
capsids (Avitabile et al., 1994; Baines et al., 1991; Foster and
Kousoulas, 1999; Hutchinson and Johnson, 1995). In addition to
its role in viral entry, the fusion protein gB has been shown to play
a role in viral egress in keratinocytes and Vero cells (Farnsworth
et al., 2007). It is not known how UL24 mutations lead to the
formation of syncytial plaques.
In this study, we sought to test the hypothesis that the UL24-
associated syncytial plaque phenotype observed in HSV-1-infected
cells is linked to a mislocalization of viral glycoproteins involved in
fusion. We carried out our experiments in human foreskin ﬁbro-
blasts (HFFs). To test our hypothesis, we used confocal microscopy
to investigate the impact of the absence of a functional UL24
protein on the organization of structures involved in HSV-1-
associated fusion events such as the ER and the Golgi apparatus.
We also investigated the impact of UL24 on the staining patterns
observed for the viral glycoproteins sufﬁcient for fusion, and on
the sub-cellular localization of gB and gD with respect to micro-
ﬁlaments. The effect of drugs that perturb the actin cytoskeleton
on the UL24-associated plaque phenotype was also tested.Results
Impact of UL24 on the ER and Golgi apparatus in HSV-1-infected HFFs
Because of the association of viral glycoproteins with the ER
and the Golgi apparatus, we investigated the possibility that UL24
affects the localization of viral glycoproteins indirectly through an
effect on the organization of these organelles. For these studies,
HFF cells were chosen because they are not immortalized, and
thus might better represent the host cell during a natural infection
than immortalized cells. Similar to what is observed in Vero cells,
infection of HFFs with a UL24-null strain induces the formation of
syncytial plaques that are more apparent at 39 1C (Suppl. Fig. S1).
In order to determine the impact of UL24 on the structure of the
ER network, HFFs were either mock-infected or infected at an MOI of
10 for 18 h with KOS or the UL24-null virus UL24X, which carries an
insertion of a linker that introduces stop codons in all three reading
frames within the 41st codon (Jacobson et al., 1998). Cells were ﬁxed
and then immunostained for the ER protein calnexin (Fig. 1a). HSV-1
infection had little effect on the structure of the ER. While the pattern
was a bit less extended in the KOS-infected than in mock-infected
cells (left-hand panel), this slight modiﬁcation was likely an indirect
effect of the rounding up of the infected cells. We observed reticulated
staining patterns for HFFs infected with KOS (middle panel) and with
UL24X (right-hand panel). Thus, we concluded that UL24 was most
likely not involved in the minor changes observed in the organization
of the ER seen during infection.
We next compared the morphology of the different parts of the
Golgi apparatus in cells infected with the wild-type strain and UL24X.
Cells were ﬁxed and immunostained using antibodies directed againstmarkers for the cis, medial and trans-Golgi, namely GM130 (Fig. 1b),
Mannosidase II (Fig. 1c) and golgin 97 (Fig. 1d), respectively. In mock-
infected cells, we observed the expected perinuclear staining for each
of the three Golgi markers (Fig. 1b–d, left-hand panels). In contrast,
the staining for each of these markers was drastically altered in cells
infected with KOS, consistent with previous reports of HSV-1-induced
Golgi fragmentation (Fig. 1b–d, middle panels); however, we found
that the absence of UL24 resulted in a different altered Golgi structure.
The majority of HFFs infected with UL24X exhibited an extensive
Golgi-staining pattern whereby large networks of reticulated Golgi
structures extended throughout the syncytium encompassing several
nuclei (Fig. 1b–d, right-hand panels). In order to conﬁrm that the
network pattern seenwith UL24X was due to the loss of UL24 protein
expression, we used a rescue virus. HFFs were infected in parallel with
KOS, UL24X and UL24X rescue, and the staining patterns for GM130
analyzed (Fig. 1e). As expected, rescue of the UL24Xmutation restored
the punctate staining pattern seenwith the wild type virus KOS. Thus,
we concluded that UL24 has an impact on the structure of the Golgi
during infection. Our results looking at UL24X infection in HFFs
extend previous results showing that intact Golgi stacks can be
detected by electron microscopy in immortalized cells infected with
a UL24 mutant (Ward et al., 1998).
Fragmentation of Golgi in UL24-related syncytia at high temperatures
The UL24 syncytial phenotype is more apparent at 39 1C than at
37 1C. Furthermore, the UL24X strain forms mostly small, non-
syncytial plaques at 34 1C (Jacobson et al., 1989). We tested
whether the extensive Golgi network that was formed in UL24X-
infected cells at 37 1C became more prominent under conditions
where the UL24 phenotype was more evident. We compared the
distribution of Golgi markers in KOS- and UL24X-infected HFFs at
34, 37 and 39 1C 18 h post-infection (hpi) (Fig. 2a–c, respectively).
At 34 1C, mock-infected HFFs exhibited the same staining pattern
as that observed in mock-infected cells maintained at 37 1C and
39 1C (Fig. 2a). At all three temperatures studied, we observed
fragmentation of the Golgi apparatus in KOS-infected cells. For
UL24X-infected cells, there was a network pattern of staining
observed at both 34 1C and 37 1C. In contrast, at 39 1C, when all
plaques formed by UL24X were syncytial, the structured network
of Golgi staining seen at 37 1C was lost and rather, we observed
extensive fragmentation of the Golgi for each of the three markers.
We quantiﬁed the staining patterns for the cis-Golgi marker
GM130 at the three temperatures tested. Because of the formation
of syncytia, we could not quantitate by cell, and instead we scored the
pattern observed per nucleus. Staining patterns were divided in three
categories: (1) punctate, meaning that the staining was in the form of
spots, (2) network, meaning that a reticulated pattern of staining was
observed, and (3) intermediate, meaning that a combination of
patterns was observed adjacent to the same nucleus. The data shown
represent a typical experiment, and values were determined for 15 to
59 nuclei per condition (Fig. 2d). At 34 1C, 74% of nuclei in KOS-
infected cells were associated with a punctate Golgi-staining pattern,
while intermediate patterns were observed in the remainder. In
contrast, only 20% nuclei in UL24X-infected cells were associated
with a punctate staining pattern for GM130, while values of 44% and
36% were obtained for intermediate and network patterns, respec-
tively. At 37 1C in KOS-infected cells, a slight increase in the amount of
punctate staining was seen (83% of cells) along with a concomitant
decrease in intermediate staining patterns detected. Analysis of
UL24X-infected cells at 37 1C revealed that the degree of network
staining (35%) was similar to that observed at 34 1C, while 8% of nuclei
were associated with a punctate staining pattern and 57% an
intermediate pattern. Thus, at both 34 and 37 1C, there was less
fragmentation of the Golgi apparatus in cells infected with UL24X as
compared to KOS, and rather there was the development of extended
Fig. 1. Impact of UL24 on ER and Golgi structures during HSV-1 infection. Shown are confocal images of HFFs either mock-infected (left-hand panels) or infected at an MOI of
10 with either KOS (middle panels) or UL24X (right-hand panels) for 18 h. Cells were processed for immunoﬂuorescence using antibodies directed against the following ER
and Golgi markers: (a) calnexin (ER), (b) GM130 (cis-Golgi), (c) mannosidase II (medial-Golgi), and (d) Golgin 97 (trans-Golgi). (e) HFFs were infected with either KOS (left-
hand panel) or UL24X (middle panel) or UL24X rescue (right-hand panel) at an MOI of 10 for 18 h. Cells were processed for IF using antibodies directed against the cis golgi
marker, GM130. Secondary antibodies used were conjugated to Alexa 488 (green). Nuclei were stained with Draq5 (blue). Scale bars represent 10 μm.
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different staining patterns was similar at 37 and 39 1C. In contrast, for
UL24X-infected cells, a major shift was detected at 39 1C. At this
higher temperature, the distribution of staining patterns resembled
that seen with KOS in that 83% of nuclei were associated with apunctate staining pattern, while the score for a network staining
patternwas reduced to 2%. Thus, we found that the extensive webbed
network of Golgi staining seen with UL24X did not correlate with the
strength of the UL24 syncytial plaque phenotype in infected cells.
Rather, at high temperatures, when the syncytial phenotype was
Fig. 2. Impact of temperature on Golgi networks induced by infection with a UL24 mutant virus. HFFs were mock-infected (left-hand panels) or infected with either KOS
(middle panels) or UL24X (right-hand panels) at an MOI of 10 for 18 h. Infected cells were maintained at the indicated temperature: (a) 34 1C, (b) 37 1C, and (c) 39 1C. For each
temperature, cells were processed for immunoﬂuorescence using antibodies directed against different components of the Golgi apparatus, namely GM130, mannosidase II,
and Golgin 97. Secondary antibodies used were conjugated to Alexa 488 (green). Nuclei were stained with Draq5 (blue). Scale bars represent 10 μm. (d) Quantiﬁcation of
staining patterns observed for the cis-Golgi marker GM130 in HFFs infected with either KOS or UL24X at 34, 37 and 39 1C. Histograms show the percentage of nuclei
associated with each staining pattern. The staining patterns observed were classiﬁed as either punctate (white bars), network (dark grey bars), intermediate or mixed
patterns (light grey bars).
N. Ben Abdeljelil et al. / Virology 444 (2013) 263–273266more prominent, the pattern of Golgi staining reverted to that
observed with the wild-type virus. Thus, the network of Golgi staining
seen in UL24X-infected cells at 37 1C was likely an indirect effect of
the formation of syncytia, while at 39 1C, the increase in temperature
drove fragmentation of the Golgi despite the formation of syncytia.
This conclusion was further supported by our results looking at
conditions where we could detect both infected at cells that had just
begun to form syncytia and infected cells that had not begun to fuse.
When looking at cells infected at a low MOI of 0.1 12 hpi, we only
observed network staining of the Golgi when syncytia had begun to
form (Suppl. Fig. S2).
Altered distribution of HSV-1 glycoproteins involved in fusion at late
times during infection of HFFs in the absence of UL24
The UL24-associated syncytial phenotype suggests that UL24 is
involved in membrane fusion events during infection (Jacobson
et al., 1989; Spear, 1993). To directly test our hypothesis that UL24
has a role in the localization of viral glycoproteins during the latter
stages of virion morphogenesis, we investigated the cellularlocalization of gB and gD at different times post-infection in the
presence or absence of UL24 by confocal microscopy (Fig. 3). HFFs
were infected in parallel with either KOS or UL24X at an MOI of 10.
At 6, 9, 12 and 18 hpi, cells were ﬁxed and stored at 4 1C until the
end of the time course following which they were immunostained
for the indicated glycoproteins. At 6 hpi, for both gB (Fig. 3a) and
gD (Fig. 3b) in KOS-infected cells, we observed perinuclear staining
corresponding to the Golgi, as described previously (Gilbert and
Ghosh, 1993; Norrild et al., 1983). At this early time point, there
was no obvious difference in the staining patterns for gB and gD in
UL24X- as compared to KOS-infected cells. Similarly, at 9 hpi,
although the cytoplasmic staining increased for both gB and gD,
we did not detect an obvious difference in cells infected with the
wild-type and UL24-null viruses. In contrast, by 12 hpi differences
began to emerge. In KOS-infected cells, we observed speckled and
blotchy cytoplasmic staining for both gB and gD; however, in
UL24X-infected cells we detected primarily thin, line-shaped
structures. This pattern intensiﬁed at 18 hpi for both gB and gD
in UL24X-infected cells, while increased blotchy cytoplasmic
staining was observed in KOS-infected cells. Little staining of the
Fig. 3. Time course of gB and gD distribution in KOS- and UL24X-infected HFFs. HFFs were infected with either KOS (left-hand panels) or UL24X (right-hand panels) at an
MOI of 10. Cells were ﬁxed at the indicated times post-infection and processed for immunoﬂuorescence using monoclonal antibodies directed against the indicated viral
glycoprotein, (a) gB and (b) gD. Secondary antibodies were conjugated to Alexa 488 (green). Nuclei were stained with Draq5 (blue). Scale bars represent 10 μm.
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obtained for gH and gL (Suppl. Fig. S3). Although the structures in
KOS-infected cells sometimes appeared to form thick lines, we
detected relatively few thin line structures under these conditions.
Thus, we concluded that UL24 has an impact on the sub-cellular
distribution of viral glycoproteins involved in membrane fusion,
particularly at late times in infection.
The striking pattern observed for the viral glycoproteins in
infected HFFs is in stark contrast to the pattern typically observed
in immortalized cells such as Vero and HeLa cells. To demonstrate
that these patterns were reﬂective of the cell type and not of a
peculiarity in the staining protocol, we used the same staining
conditions on KOS-infected Vero cells. We observed perinuclear, as
well as diffuse and blotchy cytoplasmic staining for both gB and gD
consistent with what has been described previously (Gilbert et al.,
1994; Stannard et al., 1996) (Suppl. Fig. S4a and b). Similar staining
patterns were also observed for gH and gL (Suppl. Fig. S4c and d).
These results served to validate our staining protocol and conﬁrm
that the staining patterns in infected HFFs for viral glycoproteins
involved in fusion were different from those observed in HSV-1-
infected-Vero cells.
Cytoplasmic staining pattern of major capsid protein VP5 in HFFs
The staining we observed for glycoproteins in HFFs could reﬂect
the labelling of newly enveloped virions or of other structures.
To determine if the line-like forms observed when staining for viralglycoproteins in UL24X-infected HFFs corresponded to virions, we
analyzed the cytoplasmic staining pattern obtained for VP5, the major
capsid protein. HFFs were infected with either KOS or UL24X, ﬁxed at
18 hpi, and stained for VP5 (Fig. 4). In both KOS- and UL24X-infected
HFFs we observed strong nuclear staining and speckled cytoplasmic
staining that appeared to be evenly distributed throughout the
cytoplasm. The speckled staining was reduced in cells infected with
UL24X, which is consistent with the previously reported reduction in
infectious virion production and in the number of cytoplasmic virus
particles (Jacobson et al., 1998; Lymberopoulos et al., 2011). Further-
more, similar to what is observed upon infection of Vero cells, UL24X
replication is reduced in HFFs (Suppl. Fig. S5). We noted that for both
viruses, the cytoplasmic staining pattern for VP5 was very different
from that observed for the viral glycoproteins in these cells. These
results suggest that the line-like structures in UL24X-infected cells did
not represent, for the most part, newly formed virions.
Lack of UL24 leads to altered localization of gB and gD with respect
to F-actin in infected HFFs
The striking staining patterns for gB and gD in UL24X-infected
cells, which appeared as streaks running across the cytoplasm,
were reminiscent of cytoskeletal structures. A recent report
showed that myoVa, an actin-based motor, promotes the secretion
of virions and surface expression of certain viral glycoproteins
(Roberts and Baines, 2010). Because we hypothesized that UL24
had an impact on the latter stages of virion morphogenesis, we
Fig. 4. Staining pattern of major capsid protein VP5 in KOS- and UL24X-infected HFFs. HFFs were infected with either KOS (top panel) or UL24X (bottom panel) at an MOI of
10. Cells were ﬁxed at 18 hpi and processed for immunoﬂuorescence using monoclonal antibodies directed against the major capsid protein VP5. Secondary antibodies were
conjugated to Alexa 488 (green). Nuclei were stained with Draq5 (blue). Merge images are shown in the right-hand panels. Scale bars represent 10 μm.
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respect to actin microﬁlaments in the cell. HFFs were infected with
either KOS, UL24X, or UL24X rescue, ﬁxed at 18 hpi, and co-stained
for gB or gD and phalloidin, which stains F-actin (Invitrogen)
(Fig. 5). Unlike what has been reported for the infection of chick
embryo cells with Marek's Disease Virus (Schumacher et al., 2005),
we did not observe any widespread loss of actin stress ﬁlaments in
HSV-1-infected HFFs. In both KOS- and UL24X rescue-infected
cells, partial co-localization of gB staining with phalloidin was
observed as detected by the yellow staining showing the regions
of overlapping green and red signals (Fig. 5a and c); however, in
UL24X-infected cells a marked reduction in co-localized staining of
the viral glycoproteins and F-actin was observed (Fig. 5b). We
obtained similar results for gD (Fig. 5d–f). The reduced co-
localization could not be attributed to a reduction in the levels
of gB or gD in cells infected with UL24X, as demonstrated by
Western blot analysis (Suppl. Fig. S6).
In order to quantify the extent of co-localized staining of the
glycoproteins and actin in both KOS- and UL24X-infected cells,
Pearson's correlation coefﬁcients (r) were calculated as described
in the experimental procedures (Fig. 6). We obtained values
indicating a signiﬁcant overlap of staining for both gB and gD
with F-actin in KOS-infected cells. Similar results were obtained
for UL24X rescue-infected cells. In contrast, in UL24X-infected
cells, r values obtained for co-localiztion of gB and of gD with
F-actin indicated a signiﬁcant decrease in the degree of co-
localization (po0.0001). We obtained similar results when we
calculated the Manders' coefﬁcient (M1), which took into account
only the portion of glycoprotein staining that co-localized with
actin staining (Suppl. Fig. S7). Thus, our quantiﬁcation conﬁrmed
that the distribution of gB and gD with respect to F-actin at late
times in infection was affected by UL24. Our results show that
UL24 is important for the sub-cellular distribution of viral glyco-
proteins involved in fusion with respect to microﬁlaments.
Pharmacological perturbation of actin ﬁlaments inhibits UL24-related
syncytia formation
We took a pharmacological approach to investigate the role of
the actin cytoskeleton in syncytia formation induced by UL24mutants. HFFs were infected with UL24X. To avoid any possible
effects on entry (Clement et al., 2006), we waited until 5 hpi before
replacing the cell media with media containing the drug vehicle
alone (DMSO), or containing either 100 nM latrunculin A or 50 nM
of jasplakinolide. Latrunculin A sequesters G actin thus inhibi-
ting actin polymerization, while jasplakinolide stabilizes F-actin
(Eitzen, 2003). We noticed that HFFs were particularly sensitive to
the concentration of drugs targeting actin, but found that under
these conditions, little or no cell mortality was evident upon
microscopic examination. Syncytia formation was assessed 13 h
following exposure to the drugs, thus at 18 hpi (Fig. 7). We found
that altering F-actin formation and turnover disrupted syncytia
formation in UL24X-infected HFFs. Treatment of UL24X-infected
HFFs with latrunculin A appeared to cause a reduction in the size
of syncytia formed. The effect of stabilizing F-actin with jasplaki-
nolide had a more drastic effect resulting in a marked disruption of
actin microﬁlaments and an apparent block to the formation of
syncytia. Our results demonstrate that the actin cytoskeleton plays
an important role in the process of UL24-related syncytia forma-
tion in HFFs.Discussion
UL24 is one of four HSV-1 genes that when mutated confers a
syncytial plaque phenotype whereby infected cells fuse together.
This observation has led to the suggestion that the UL24 gene
product functions to inhibit membrane fusion during infection
(Spear, 1993). Our recent results suggest that in the absence of
UL24, viral glycoproteins involved in membrane fusion events are
relocalized with respect to actin microﬁlaments. We propose that
this mislocalization of viral glycoproteins leads to aberrant fusion
and the formation of syncytia, and reﬂects a normal role for UL24
in the late stages of viral replication.
During virus morphogenesis, virions coated with tegument
proteins bud into glycoprotein-studded vacuoles derived from
the trans-Golgi network and possibly endosomes, and acquire
their ﬁnal envelope (Harley et al., 2001; Turcotte et al., 2005).
Although we detected little change in the structure of the ER
during infection, as judged by staining for calnexin, we detected
Fig. 5. UL24 affects the sub-cellular distribution of gB and gD with respect to F-actin. HFFs were infected with KOS, UL24X or UL24X rescue at an MOI of 10. Cells were ﬁxed
at 18 hpi, and co-stained for the indicated viral glycoprotein and F-actin. Immunostaining of gB ((a)-(c)) and gD ((d)-(f)) (left panels) was carried out using the appropriate
monoclonal antibody and a secondary antibody conjugated to Alexa 568 (red). F-actin staining (middle panels) was carried out using Alexa Fluor 488 phalloidin. Cells were
analyzed by confocal microscopy. Co-localization of the two signals is indicated by the yellow color in the merge images (right-hand panels). Scale bars represent 10 μm.
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Fig. 7. Pharmacological disruption of the actin cytoskeleton hinders the formation of UL24-associated syncytia in HFFs. HFFs were infected with UL24X at an MOI of 10, and
at 5 hpi, media was changed for media containing either the vehicle DMSO alone (top panels), 100 nM of latrunculin (middle panels), or 50 nM of jasplakinolide (bottom
panels). Cells were ﬁxed at 18 hpi, and F-actin staining was carried out using Alexa Fluor 488 phalloidin (green). Nuclei were stained with Draq5 (blue). Cells were analyzed
by confocal microscopy. Differential interference contrast (DIC) images are shown in the left-hand panels, merge of the DIC and Draq5 images are shown in the middle
panels, and merge of the Draq5 and phalloidin images are shown in the right-hand panels.
Fig. 6. Quantiﬁcation of the impact of UL24 on co-localization of gB and gD with F-actin. Histograms show the Pearson's coefﬁcients calculated for co-localization of the
indicated viral glycoprotein with F-actin in cells infected with either the wild-type virus KOS, UL24X or UL24X rescue. Each result shown represents the average of three
independent experiments in which the co-localization of gB and gD with F-actin was analyzed for a total of 20 ﬁelds of views, which represent more than 100 cells for each
condition. Error bars represent the standard deviation (nnnpo0.0001).
N. Ben Abdeljelil et al. / Virology 444 (2013) 263–273270extensive fragmentation of the different components of the Golgi
apparatus in HFFs. In contrast, cells infected with a UL24-null virus
exhibited an extensive Golgi structure encompassing multiple
nuclei. These results are consistent with, and extend previous
results reported for other cell lines (Avitabile et al., 1995; Ward
et al., 1998), and support a model whereby an altered Golgi
structured leads indirectly to the formation of syncytia; however,
our discovery that at 39 1C, the extended Golgi network seen for
the UL24-null virus reverts to the fragmented pattern seen for thewild type virus suggests that a different mechanism may be
involved. The presence of a large, multinuclear Golgi network in
syncytia has been seen in other contexts (Ho et al., 1990). Thus, the
formation of such a structure in UL24X-infected cells is likely a
consequence of the formation of syncytia and not the cause.
The involvement of UL24 in the sub-cellular distribution of viral
glycoproteins late in infection suggests a role for UL24 in virion
morphogenesis or in viral egress. We did not detect a major
difference in the staining patterns of gB and gD in KOS- versus
N. Ben Abdeljelil et al. / Virology 444 (2013) 263–273 271UL24X-infected cells until after 9 hpi, which is the time by which
UL24 protein is easily detected in infected cells (Lymberopoulos
and Pearson, 2007; Pearson and Coen, 2002). Although we
recently demonstrated that UL24 has an impact on the nuclear
egress of newly formed viral capsids (Lymberopoulos et al., 2011),
there is no evidence to suggest that the impact of UL24 on
the association of viral glycoprotein-containing structures with
actin microﬁlaments is involved. Rather, evidence points to the
nuclear pool of UL24 affecting this stage of viral replication
(Lymberopoulos et al., 2011; Sagou et al., 2010). Although we
found that the extended Golgi network seen with the UL24 mutant
was not required for the formation of syncytia, the possibility
remains that UL24 somehow affects glycoprotein-enriched
vacuoles derived from the Golgi involved in secondary envelop-
ment. The staining observed for gB and gD in infected HFFs, which
was altered in UL24X-infected cells, may represent the putative
virus assembly compartments described previously (Mingo et al.,
2012; Sugimoto et al., 2008). Although no speciﬁc block in
secondary envelopment has yet been ascribed to UL24 mutations,
our demonstration that UL24 affects the distribution of viral
glycoproteins late in infection would be consistent with a role
for UL24 in the late stages of the formation of new virions. Such a
function would be consistent with the roles in secondary envelop-
ment and nuclear egress attributed to the other viral proteins
whose altered expression can result in syncytial plaques, namely
UL20, gB and gK (Avitabile et al., 1994; Farnsworth et al., 2007;
Foster and Kousoulas, 1999; Hutchinson and Johnson, 1995). It is
unclear whether in the absence of UL24, capsids undergoing
secondary envelopment bud into typical structures or whether
atypical vesicular structures compensate.
Interestingly, staining patterns for gB and gD in HFFs were
different than those seen in Vero cells. Notably, there was little
nuclear membrane staining of gB and gD, or of gH and gL, in HFFs
as compared to Vero cells. The sub-cellular distribution of these
viral glycoproteins in HFFs would be consistent with the model of
nuclear egress that is independent of fusion proteins involved in
entry, such as that reported for pseudorabies virus (Klupp et al.,
2008). Thus, it is intriguing to consider the possibility that, similar
to entry, HSV-1 can utilize different mechanisms for egress
depending on the cell type.
At late times in infection, co-localization of gB and gD with F-actin
was detected in KOS- and UL24X rescue-infected cells, while little
co-staining was observed in UL24X-infected cells. Possible interpreta-
tions are that UL24 modulates intracellular trafﬁcking of glycoprotein-
studded vesicles, perhaps in the context of membrane recycling or
vesicles used for secondary envelopment, or that it modulates the
formation of glycoprotein patches at sites of virion release (Mingo
et al., 2012). Our results could also reﬂect a direct role for UL24 in
modulating changes to the host cell cytoskeleton during infection. The
role of the actin cytoskeleton in virus-mediated cell–cell fusion has
drawn special attention in several recent studies. Its importance has
been described in syncytium formation mediated by the fusogenic
baculovirus gp64 (Chen et al., 2008) where an inhibitory effect of
actin on pore expansion and syncytia formation was demonstrated.
An inhibitory role of actin microﬁlaments on pore expansion has also
been reported for the parainﬂuenza virus 5 fusion protein where an
increase in syncytia formation was observed upon treatment with
drugs that block actin polymerization or that stabilize actin ﬁlaments
(Wurth et al., 2010). These results are in contrast with our results
looking at the UL24 syncytial plaque phenotype in HFFs, which was
inhibited by drugs that modulate the formation and stability of actin
microﬁlaments, and imply a unique role for microﬁlaments in HSV-1
infection of these cells. Recently, it has been demonstrated for other
alphaherpesviruses, namely HSV-2 and pseudorabies virus, that a
viral serine/threonine kinase, US3, induces reorganization of the actin
cytoskeleton into ﬁlamentous processes that may promote cell-to-cellspread of virus (Favoreel et al., 2005; Finnen et al., 2010). It is unclear
if there is any functional link between UL24 and US3; however,
plaques formed by UL24 mutant viruses exhibit reduced plaque size,
which would be consistent with a defect in virus spread (Jacobson
et al., 1989).
In this study, we have shown that UL24 of HSV-1 affects the
sub-cellular distribution of viral envelope glycoproteins involved
in fusion, notably with respect to actin microﬁlaments. Further
experimentation will be required to gain insight into the mechan-
isms involved, and the possible relationships of UL24 with viral
egress and spread.Material and methods
Cells and viruses
Human Foreskin Fibroblasts (HFF) were obtained from the
American Type Culture Collection (ATCC). Cells were maintained
in Dulbecco's modiﬁed Eagle's medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum and antibiotics (50 U ml1
penicillin and 50 μg ml1 streptomycin). Cells were maintained
in a humidiﬁed incubator with 5% CO2 at 37 1C unless indicated
otherwise. The viral strains KOS and UL24X (Jacobson et al., 1998)
were originally provided by Donald M. Coen (Harvard Medical
School). The strain UL24X rescue was constructed by homologous
recombination (Rochette, Bourget and Pearson, unpublished data).
Viral stocks were prepared on Vero cells (African green monkey
kidney ﬁbroblasts) grown in DMEM supplemented with 5% (v/v)
newborn calf serum (NCS) and antibiotics.
Antibodies
The primary antibodies used were as follows: mouse monoclonal
anti-GM130 (BD Bioscience), rabbit polyclonal anti-Mannosidase II
(Abcam), mouse monoclonal anti-golgin 97 (Invitrogen), mouse
monoclonal anti-gB (Abcam), mouse monoclonal anti-gD (Abcam),
mouse anti-gH (Buckmaster et al., 1984), anti-gL (Novotny et al., 1996),
mouse monoclonal anti-ICP5 (Abcam), and anti-HSV-1 polyclonal
antibody (Abcam). For F-actin staining, Alexa Fluor 488-coupled
phalloidin (Invitrogen) was used according to the manufacturer's
instructions. Secondary antibodies were as follows: goat anti-mouse
IgG Alexa Fluor 488, goat anti-mouse IgG Alexa Fluor 568, goat anti-
Rabbit IgG Alexa Fluor 488 (Invitrogen).
Drug preparation
Fifty mM stocks of Latrunculin A and of jasplakinolide (Calbio-
chem) were prepared in DMSO and stored at 20 1C. Final
concentrations used are as indicated in the text.
Immunostaining and confocal microscopy
1105 HFFs were seeded onto glass coverslips in 24-well
plates. The following day, cells were either mock-infected or
infected at an MOI of 10 with KOS, UL24X or UL24X rescue.
At the indicated hpi, cells were ﬁxed in 2% (v/v) paraformaldehyde
for 10 min, permeabilized by incubation for 10 min in 0.1% Triton
X-100 diluted in phosphate buffered saline (PBS), washed twice
with PBS, and then blocked with NATS (20% (v/v) NCS and 0,5%
(v/v) tween 20 in PBS) for 30 min. Incubation with the appropriate
primary antibody was carried out in a humidiﬁed chamber at 37 1C
for 1 h. Cells were washed 45 min in PBS, and then incubated
with the secondary antibody mixed with a 1/250 dilution of the
nuclear stain Draq 5 (Biostatus limited) for 1 h at 37 1C in a
humidiﬁed chamber. After washing four times in PBS, coverslips
N. Ben Abdeljelil et al. / Virology 444 (2013) 263–273272were mounted on microscope slides using ProlongGold antifade
reagent (Invitrogen). Slides were visualized using the BioRad
Radiance 2000 confocal with an argon–krypton laser at 488 and
568 nm (diode 638 nm) mounted onto a Nikon E800 microscope.
Images were assembled using Adobe Photoshop. Confocal micro-
scopy was carried out at the INRS-Institut Armand-Frappier
imaging facility. For the immunoﬂuorescence ﬁgures shown, each
experiment was repeated a minimum of three times, and the ﬁelds
shown are representative of the major staining patterns observed
under each set of conditions.
Quantitative analysis of co-localization
Co-localization of staining in confocal microscopy experiments
was quantiﬁed using the ImageJ: JACoP plugin (National Institutes
of Health) (Bolte and Cordelieres, 2006) to calculate the Pearson's
correlation coefﬁcients, which describe the correlation of the
intensity distribution between green and red channels of the
analyzed image. The coefﬁcient can vary between 1 and 1, with
1 representing perfect co-localization, zero representing no co-
localization, and negative values indicating inverse correlations.
We used the JACoP software to determine the degree of co-
localization between gB or gD with marker-stained F-actin (phal-
loidin) by means of the Pearson's coefﬁcient (means7SD). Only
unsaturated images were used for the analyses. In certain
instances, Manders' coefﬁcients (M1) were also calculated using
the JACoP tool (Manders et al., 1993). Manders' coefﬁcient varies
from 0 to 1, which correspond to non-overlapping images and
100% co-localisation between the two images, respectively. At least
20 ﬁelds of view were analyzed for each condition. Statistical
signiﬁcance was evaluated using the Student's t test (nnnpo0.001).Acknowledgments
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